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Abstract 
We performed irradiation of epitaxial YBa2Cu3O7 films grown on CeO2-buffered SrTiO3 substrates by fluorine-free metal organic 
deposition with 3-MeV Fe2+ ions to study their effects on critical current density (Jc).  We observed an increase of in-field Jc by up 
to 70 %, which did not show a significant field-angle dependence.  Since the ion energy used in this study is two orders of 
magnitude lower than those in majority of the previous works with a similar concept, our results indicate that the enhancement of Jc
by ion irradiation in high-temperature superconducting films has wider processing window than previously recognized. 
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1. Introduction 
    Post-growth treatments for enhancing the critical current density (Jc) of high-temperature superconductor (HTSC) 
films are widely studied.  One example is ion implantation, which introduces local disorders as artificial pinning 
centers (APC) into the films.  High-energy heavy ions [HHI; several hundred MeV, atomic number (Z) > 40] have 
been generally used for this technique [1-6], based on an empirical rule that columnar extended defects are formed at 
ion trajectories when the electronic stopping power (Se) is larger than a threshold of 8-20 keV/nm [1,7].  On the other 
hand, low-energy light ion (LLI; MeV, Z < 40) irradiation has not been paid much attention, while a few studies 
suggested its effectiveness for APC introduction [8,9].  Sasaki et al. [8] reported in their transmission electron 
microscope (TEM) study that cascade defects were introduced into Bi2Sr2CaCu2O8 (Bi2212) single crystals by 
irradiation of 18-MeV Fe8+ ions, which yields Se smaller than the threshold.  It was also proposed that defects are 
formed through nuclear collisions with target atoms in the case of LLI irradiation [5,7].  In general, LLI beam does not 
require a large-scale accelerator in its generation, which is necessary for HHI one, and hence is more compatible with 
industrial applications.  To develop a LLI-based APC technique, it is essential to accumulate further experimental 
evidences of a Jc enhancement using various ion species and energies, HTSC materials, and fabrication processes. 
    In this study, we irradiated epitaxial YBa2Cu3O7 (YBCO) thin films prepared on CeO2-buffered SrTiO3 substrates 
by fluorine-free metal-organic deposition (FF-MOD) with 3-MeV Fe2+ ions, and measured Jc in magnetic fields up to 
4 T.  The ion energy is almost two orders lower than previous studies using HHI irradiation.  We clearly observed that 
the irradiation increased in-field Jc by up to 70 % with no significant field-angle dependence.  The mechanism of the 
observed isotropic Jc enhancement is discussed with results from TEM measurements. 
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2. Experimental details 
    Fluorine-free metalorganic solution was prepared by dissolving acetates of Y, Ba, and Cu in a 1:2:3 cation ratio into 
the mixture of propionic acid and tripropylamine, and by substituting the solvent by methanol.  The solution was 
applied onto 10x10-mm-sized CeO2-buffered (40 nm) SrTiO3 substrates using a spin coater.  The coated substrates 
were irradiated with an ultraviolet KrCl excimer lamp (O = 222 nm) in ambient atmosphere for 15 min, and prefired at 
500°C for 30 min.  The above process was repeated to adjust film thickness (0.7 Pm).  The precursor films were 
annealed for crystallization at 760°C in a stream of N2 gas mixed with 10-Pa oxygen, and then furnace-cooled to room 
temperature.  The oxygenation of YBCO was done below 550°C in the cooling. 
    The Fe2+ ion irradiation was performed using a tandem type accelerator (NEC3SDH-4) at room temperature in a 
vacuum of 10-5 Pa.  A monochromatic beam was ensured using analyzing magnets and an electro-static beam deflector 
to remove neutral particles.  A specimen was surrounded by negative-bias electrodes (-300 V) to suppress secondary 
electron emission.  The ion energy was 3.1 MeV, and the ion dose measured by integrating the current from a 
specimen to ground was 1.0x1012 cm-2.  The exposure time was 10 seconds.  The incident angle of the ion beam was 
approximately normal to the film surface.  An oxygen annealing at 500 ºC for 2 h was done after the irradiation. 
 Jc values were measured using THEVA Cryoscan and a custom-made system for field-angle-dependent 
measurements.  The field-angle-dependent Jc data were obtained using a non-destructive ac inductive method with an 
electric-field criterion of Ec = 1 PV cm-1, in which the samples were immersed in liquid nitrogen [10,11]. The field-
angle T is defined as the angle between the magnetic field and the surface normal of the film (c-axis).  In this inductive 
method, the third-harmonic voltages are generated when circular superconducting shielding currents reach critical 
current in the lowest Jc regions, and Jc(T) is measured in the regions where the shielding current is perpendicular to the 
applied magnetic field [10].  This method corresponds to the conventional transport measurement with the field 
applied perpendicular to the current direction (maximum Lorentz force configuration). 
    Cross-sectional TEM images were taken with Hitachi HD-2000 at an operating voltage of 200 kV.  
3. Results and discussion 
    Figure 1 shows the dependence of Jc on magnetic field parallel to the c-axis obtained from irradiated (filled circles) 
and as-grown samples (open symbols).  While the Jc(B) data for three different as-grown samples fall on a universal 
line showing high reproducibility of the in-field flux-pinning property in our FF-MOD YBCO films, those for the 
irradiated sample #4 is substantially increased from the universal line.  This indicates that the in-field Jc of our FF-
MOD YBCO film was enhanced by the 3-MeV Fe2+ ion irradiation.  The largest increase of the in-field Jc is 71 % at 2 
T (0.14 -> 0.24 MA/cm2).  It is noted that the self-field Jc (2.27 MA/cm
2) and Tc (90.9 K) of the sample #4 was 
identical before and after the irradiation, indicating that the high in-field Jc of #4 after irradiation is unlikely due to 
changes in chemical composition e.g. oxygen concentration.  In the inset of Fig. 1, we find that the pinning force (Fp)
is also enhanced in the entire field range. 
Figure 1. Jc at 77 K versus magnetic field parallel to the c-axis for as-grown and ion-irradiated YBCO films.  The inset shows the corresponding 
plots of pinning force. 
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Figure 2. Field-angle-dependence of Jc at various field strengths for as-grown and ion-irradiated YBCO films. 
    Next we show in Fig. 2 the field-angle(T) dependence of Jc at various magnetic fields for the as-grown #1 and the 
irradiated #4 samples.  It is found that Jc is higher for the irradiated sample at all field strengths and angles.  Especially 
in B < 2 T, the Jc-T curves are shifted upward from the as-grown to irradiated sample without a significant change in 
line shape, indicating that the Jc enhancement is almost isotropic against T.  This result shows a striking contrast to the 
previous studies using HHI, where Jc was enhanced only at field angles close to an ion-incident-angle [6], which is 
about 0º/180º in our experiment.  The strongly anisotropic Jc-enhancement in the previous HHI-irradiated films is 
naturally understood considering that the columnar defects observed by TEM in those films [1,3,5,6] can work as 
linearly correlated APC, which increase Jc most significantly at the field angles parallel to a correlation direction.  On 
the other hand, an isotropic Jc increase as observed in Fig. 2(a-e) is basically attributed to an increase of randomly 
distributed point-like APC.  Therefore, Fig. 2(a-e) suggest that the dimensionality of APC is fundamentally different 
between the LLI- and HHI-irradiation processes.  The dependence of the dimensionality of APC on ion energy was 
previously studied by Huang et al. [5] measuring cross-sectional TEM along ion traces in Bi2212 single crystals 
irradiated with 230-MeV Au ions.  They reported that defect morphology was gradually changed from columnar- to 
random-cascade-type as moving the measurement position down from the surface to a half of the penetration depth, 
where ion energy and Se were reduced to 10 MeV and 8 keV/nm, respectively.  Considering this previous result, it is 
expected that columnar defects, a product of electronic ion stopping [5,7], do not exist in our films irradiated with 3-
MeV Fe2+ ions yielding Se of 2.5 keV/nm.  Instead, randomly distributed point-like defects, which are a product of 
nuclear collisions [5], could be induced in the present LLI-irradiated film, and it naturally explains the nearly isotropic 
Jc-enhancement in Fig. 2(a-e). 
    For directly observing the defect formation by ion irradiation, it is essential to perform TEM measurements.  In Fig. 
3(a), we show a cross-sectional image obtained from the irradiated sample #4.  Surprisingly, it looks similar to our 
previous report without ion irradiation [12], in which we observed stacking faults (white horizontal lines in the TEM 
image) as the only noticeable defect feature.  In Fig. 3(b,c), we show higher magnification views with enhanced 
contrast.  Although there is a modulation of brightness in spatial scale of a-few-tens nm, indicating a presence of some 
structural inhomogeneity, we do not find a definitive evidence for an existence of nm-scale defects like the ellipse 
shape amorphous grains observed in 18-MeV-Fe8+-irradiated Bi2212 single crystals [8].  This suggests that the defects 
induced by the present 3-MeV ions are smaller than or even different in character from those in Ref. 8 using 18-MeV 
ions, and hard to be detected by a general TEM measurement.  Dislocations associated with stacking faults may be a 
candidate for such defects, since it has been proposed that they behave as small random pins as magnetic field is 
directed away from the ab-plane [12,13].  But this scenario requires an additional explanation for how the dislocations 
can be enhanced by ion irradiation.  Non-superconducting spots due to the strains induced by local ion displacements 
are also a possible explanation for the imperceptible defects. 
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Figure 3. Cross-sectional TEM images with low (a) and high (b,c) magnifications obtained from the ion-irradiated sample #4. 
4. Conclusion 
    We irradiated epitaxial YBCO thin films prepared on CeO2-buffered SrTiO3 substrates by FF-MOD with 3-MeV Fe 
ions.  Field-angle-dependent Jc measurements revealed that in-field Jc was increased by the irradiation by up to 70 % 
with no significant field-angle dependence, indicating a presence of random point-like APC.  Cross-sectional TEM 
measurements with a moderate resolution did not observe a definitive evidence for additional nm-size defects in 
contrast to the previous results using 18-MeV ions. 
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